Vertebrate hemoglobins generally are characterized by the possession of four polypeptide chains of two types, which can be designated as a and d. Several recent observations suggest that the physiological role and evolution of these two types of chain differ. Ingram' and Gammack et al.' have noted that, among human hemoglobins, A-chain mutants are more frequent than a-chain mutants. They attribute this difference to the fact that the a-chain appears to be common to both adult and fetus,3 while the (-chain is functionally important only after birth. Thus mutation of the a-chain would be more severely selected against in evolution because such mutant chains would affect both adult and fetus and would be required to fit two different kinds of chain, the y-chain in fetal life and the 4-chain after birth.
Vertebrate hemoglobins generally are characterized by the possession of four polypeptide chains of two types, which can be designated as a and d. Several recent observations suggest that the physiological role and evolution of these two types of chain differ. Ingram' and Gammack et al. ' have noted that, among human hemoglobins, A-chain mutants are more frequent than a-chain mutants. They attribute this difference to the fact that the a-chain appears to be common to both adult and fetus,3 while the (-chain is functionally important only after birth. Thus mutation of the a-chain would be more severely selected against in evolution because such mutant chains would affect both adult and fetus and would be required to fit two different kinds of chain, the y-chain in fetal life and the 4-chain after birth.
Direct evidence for similarity of the a-chains from different species has been provided by examination of the amino acid composition of peptides from rabbit, man, and horse. 4 Another observation suggesting that the 4-chain plays a different role from the a-chain concerns the behavior of human hemoglobin in the presence of certain sulfhydryl reagents, known to react only with the 4-chain.5 The assumption was made that such reagents would affect the oxygen affinity of the 43-chain subunits most greatly. Since the effect is an increase in oxygen affinity, it was suggested that, in the presence of these -SH reagents, the 4-chain subunits would tend to be oxygenated first. The finding that the Bohr effect (proton discharge during oxygenation) also occurs at early stages of oxygenation in the presence of these reagents indicates that the 4-chain might possess the acid groups responsible for the Bohr effect. It is the purpose of this paper to present additional evidence favoring this conclusion.
Among terrestrial mammals, the hemoglobins differ greatly in their physiological properties. The smaller the mammal the greater is the number of protons discharged from its hemoglobin when the molecule is oxygenated.6 Mouse hemoglobin was found to release approximately 3.8 protons, and elephant hemoglobin only 1.5 The concentrated hemoglobin was applied to the column, the flow rate adjusted to 5.0 ml/hr, and 8 ml fractions were collected. A pH gradient was established with a single 250-ml mixing chamber. The buffer in the reservoir entering the chamber was changed periodically to give the pH gradient and elution pattern shown in Figure 1 The fractions were analyzed by vertical starch gel electrophoresis according to the procedure of Smithies13 in order to determine exactly which tubes contained pure components. Amido black was used as stain. This analysis showed approximately equal proportions of four components. The pure components, 1, II, III, IV. numbered in order of elution (see Fig. 1 ) were concentrated against pH 6.8 0.01 M phosphate. Starch gel electrophoresis of these components, together with the original hemoglobins and the four-component mixture, is shown in Figure 2 . It is clear that components II and III are the hybrid hemoglobins, I is from the donkey, and IV is mouse hemoglobin. The hybrids were identified by the following procedures. Inc.), and a hybridization experiment with donkey hemoglobin was performed as described above. Starch gel electrophoresis at pH 8.6 followed by elution of the components from the gel indicated clearly that components III (hybrid) and IV (mouse) contained virtually all the radioactivity. Component II used the procedure of Rossi-Fanelli and Antonini16 except that air was injected through a rubber vaccine bottle stopper into the tonometers with a gas tight microsyringe (Hamilton and Company, Whittier, California). Absorption measurements were made at 540, 560, and 580 m~.s. The concentration of the hemoglobin in each experiment was about 0.25 per cent. Before each oxygen equilibrium measurement, the carbon monoxide was removed from the hemoglobin by evacuating the tonometer and filling it with an atmosphere of pure oxygen and irradiating it with a 100-watt spotlight for four minutes. During this conversion to oxyhemoglobin, the tonometer was vibrated gently at 00C in an ice bath. To avoid foaming, all evacuation and washing with nitrogen (pre-purified grade, Matheson Company) was also carried out at 00C. Absorption measurements made at the end of each experiment showed that no detectable methemoglobin was formed during either the preparation or the measurements.
The results of these measurements are summarized in Table 1 . Figures 4 and 5 show the oxygen equilibria for the four chromatographically isolated components.
These data show clearly that not only is the Bohr effect associated with the l-chain, but also that the over-all oxygen affinity is also determined by the fl-chain. At each pH, a2M fl2D has about the same oxygen affinity as does pure donkey hemoglobin. Likewise, a2D fl2M has about the same oxygen affinity as does pure mouse >~~~~~~~~Ĩ Figure 1 . tion shown in Figure 1 .
hemoglobin. 4.7 0.41 2.0 1.6 * The slope of the line relatirg log y/(1 -y) with log p, where y is the fraction of hemoglobin oxygenated and p is the oxygen pressure: a measure of heme-heme interaction. '7 t The number of protons released during the oxygenation of one hemoglobin molecule.
decrease in its value in the hybrids reflects an altered or lowered degree of "fit" or complimentarity between the a and fi subunits of different species. In any event, this does not affect the conclusion that the ,8-chain controls the Bohr effect since a2D 02M has 1.9 times the proton discharge shown by a2M 2D. The same ratio is obtained with the pure components: mouse hemoglobin releases 1.8 times the number of protons released by pure donkey hemoglobin. Discussion.-These experiments indicate that the four subunits of the hemoglobin molecule do not make equal contributions to the Bohr effect or to the over-all oxygen affinity as suggested by Wyman,'7 and more recently by Benesch and Benesch.'8 The present studies provide additional evidence that the ,8-chain is the major carrier of evolutionary change in the hemoglobin molecule and support the hypothesis that the a-chain is "conservative." ' 2, 4 If the p3-chain carries the Bohr effect, it might be expected that oxygenation of hemoglobin H, consisting wholly of 3-chains, 9 would be accompanied by a large proton discharge during oxygenation. This has not been found.20 A possible explanation for this discrepancy may be that the formation of a i4 tetramer results in an altered ionic environment of certain acid groups so that these groups would no longer be sensitive to oxygenation of the ion. Perhaps, therefore, the properties of a 84 tetramer will not indicate behavior of ,8-chain subunits when combined with a-chain subunits.
Muller2' examined the tryptic peptide "fingerprints" of the separated chains from a variety of mammalian and avian hemoglobins. He found no evidence from this study that the i-chains of different species are more variable than the a-chains.
However, very small changes in amino acid sequence can make disproportionately large changes in the appearance of "fingerprints." It is therefore difficult to draw quantitative conclusions from the gross appearance of ''fingerprint" patterns. Recently, Diamond and Braunitzer4 have shown by detailed peptide analysis that the a-chains of the hemoglobins of rabbit, horse, and man are more similar than the a-and ,-chains within one species. In order to assess the roles of the a-and /3-chains in evolution, it is necessary to associate their properties with a physiological function of evolutionary significance. We have attempted to do this in the present experiments.
Summary. When cells of Bacillus subtilis were treated with the mutagenic alkylating agent methyl methanesulfonate and then incubated in a growth medium, the total deoxyribonucleic acid (DNA) either failed to increase or decreased slightly. During the same period, C"4-thymidine was continuously incorporated into an alkali-resistant, hot acid-soluble form identified thereby as DNA.' These observations suggested that the DNA in treated cells was subject to some sort of degradative process since nontreated cells increased in total DNA from the start of incubation. It now appears that both alkylation and ultraviolet irradiation alter the DNA of B. subtilis in a way which makes it differentially susceptible to inactivation by an enzyme present in extracts of B. subtilis and Micrococcus lysodeikticus.
Materials and Methods.-Transforming DNA was prepared from B. subtilis by the method of Marmur.2 The DNA was alkylated at a concentration of 0.25 mg per ml in 0.1 1I phosphate buffer, pH 7.0, by the addition of redistilled methyl methanesulfonate to give a final concentration of 0.025 M for the alkylating agent. After reaction at 370C, the DNA was precipitated by the addition of 2 volumes of cold 95%o ethanol; the precipitated DNA was lifted out on a glass rod, drained, dissolved in 0.15 M sodium chloride-0.015 M sodium citrate (saline-citrate)2 and reprecipitated. The DNA was finally stored in saline-citrate in the cold.
MI. lysodeikticus cells were grown on the medium described by Steiner and Beers3 and stored at -250C. Extracts were prepared by lysis of a 2%o cell suspension with lysozyme (0.5 mg/ml) followed by centrifugation in the cold at 18,000 g.
The supernatant was then used. Alternately, and as indicated below, a 10%/ cell suspension was treated with lysozyme, after which the lysate was subjected before centrifugation to sonic disintegration for 5 min in a Raytheon 10 kc sonic oscillator. Extracts of B. subtilis were prepared in a similar manner.
Enzyme reactions were carried out in a one ml total volume containing transform-
